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sides) are similar among lamins, as well as in all IF proteins. When mutated or deleted, they affect the assembly of dimers into higher-order structures [1]. Coil 1B in all lamins is similar to invertebrate cytoplasmic IFs and is 42 amino acids (6 heptads) longer than vertebrate cytoplasmic IFs [2]. The lamin tail domain contains a ~120-residue immunoglobulin (Ig) fold [3]. Between the rod domain and the Ig fold there is an unfolded region containing a nuclear localization signal (NLS). The carboxy tail domain of all B-type lamins and lamin A (but not lamin C) proteins contains a CAAX motif, which undergoes post-translational modifications (see below, Fig. 2).

Lamins are divided to type A and type B Lamins are divided into A and B type according to their expression patterns, behaviour during mitosis and biochemical characteristics. Distinct genes encode A-and B-type lamins. All metazoan cells express B-type lamins, whereas A-type lamins are expressed only in differentiated cells of higher complex organisms (see below). B-type lamins have an acidic isoelectric point, whereas A-type lamins have a neutral isoelectric point. During mitosis B-type lamins remain associated with membranes, whereas A-type lamins become solubilized [4].
Post-translational processing of lamin molecules
With the exception of the mammalian and the Drosophila lamin C, all lamins undergo a process of maturation involving the CAAX box at their carboxy terminus. At the first stage of maturation farnesyl transferase adds a farnesyl group to the cysteine. Next, either Rce1 (FACE2 in human beings) or Zmpste24 (FACE1 in human beings) cleave the last three amino acids (AAX). At the next stage the isoprenylcysteine methyltransferase methylates the farnesylated C-terminal cysteine. Although B-type lamins remain carboxy farnesylated and methylated, lamin A undergoes another cleavage event of the last 15 C-terminal amino-acids by Zmpste24, which removes the carboxy farnesylated and methylated cysteine [5] (Fig. 2). It was recently shown that blocking farnesylation of lamin A by farnesyl transferase inhibitors (FTIs) causes an alternative prenylation of geranylgeranylation by geranylgeranyl transferase [6].
Fig. 1 Schematic representation of the structure of lamin proteins. (A) The lamin monomer. The lamin is divided into three domains, head, rod and a globular tail. The rod domain is composed of four coiled-coil regions (1A, 1B, 2A, 2B) that are connected through three short linkers (L1, L12, L2). Marked on the scheme are the Ig globular domain in the tail and the stutter (a discontinuity of the heptad repeat) in coil 2B. Also shown by colour code are the positions of the CDK-1 recognition site (absent in Ce-lamin), the sumoylation site in human lamin A, the nuclear localization signal (NLS) and the CAAX motif. (B) A model of lamin dimers. A pair of parallel coiled-coil rods forms the lamin dimer (yellow). The non-␣-helical head and tail domains
and in vitro [10] [11] [12] . The potential roles of other mitotic phosphorylation sites are discussed in [1] . Mammalian lamin A also undergoes sumoylation at Lys201 [13] . Mutation in the Glu203, which inhibits sumoylation, causes aggregation of lamin A and increased cell death, suggesting that sumoylation regulates lamin A assembly [13] .
Lamin molecules in evolution
Lamins are detected in all metazoan cells. In contrast, lamins are absent in single cell organisms or in plants. Although lamins from vertebrates and invertebrates differ significantly in their primary sequence [14] , the general structural organization of lamins is evolutionarily conserved with a few exceptions. Tunicate lamins are the only known lamins that have a deletion of 90 amino acids in the region of the Ig fold [15] . [16] . Evolution trees of lamins can be found in [1, 14] . [17] .
Caenorhabditis elegans single lamin protein (Ce-lamin) contains a Coil 2B that is shorter by 14 amino acids (two heptads), a tail domain that is shorter by ~25 amino acids as compared to Drosophila and vertebrate lamins. It also lacks the conserved CDK1 sites
The supramolecular assembly of lamins From lamin monomer to lamin dimer
During mitosis lamin molecules are disassembled into monomers [4]. Following mitosis they reassemble into higher-order structures. The smallest subunit detected in vitro is a dimer, where the two central ␣-helical rod domains within a lamin dimer form a coiled coil around each other in a parallel, unstaggered fashion [1] (Fig. 1B). The coiled-coil interactions are due to the heptad repeats; lower case letters (a through g) commonly denotes the positions within the heptad repeat. Although hydrophobic residues are usually occupying positions a and d, the e and g positions are usually being charged [2]. Electron microscope analysis showed a 52-55-nm-long rod-like shape of the lamin dimer with two globular domains representing the two tails
From dimers to filaments
In the second step of assembly in vitro the lamin dimers elongate longitudinally in a polar fashion to form ~2-nm-wide head-to-tail polymers with an axial repeat of 48-50 nm [17] . The difference between the length of the rod domain and the axial repeat represents an overlap between adjacent rod domains [18] [19] .
In contrast to vertebrate and Drosophila lamins that form only paracrystalline fibres in vitro, Ce-lamin, can assemble into stable 10 nm filaments. Under different conditions containing divalent ions it can also form paracrystalline fibres [20] [21] [22] . Ciona lamin is also assembled into filaments, but with a smaller average diameter of 5.4 nm [20] . Recently [26, 27] . Taken together, the current data suggest a function for the head domain in regulating lamin filament assembly, which is evolutionarily conserved. It also suggests that the head domain interacts with specific sequences in the rod domain and interfering with these interactions can inhibit lamin polymerization.
Tailless Xenopus lamin A forms filament bundles lacking the 24-nm repeats seen in normal paracrystals [28] . Similarly, tailless Ce-lamin formed paracrystalline fibres that lost the characteristics axial repeats [18] . In contrast, tailless chicken lamin B2 enhances paracrystalline fibres assembly with normal axial repeats [23] and tailless Drosophila lamin Dm0, cannot form normal head-to-tail polymers, but surprisingly forms paracrystalline fibres without the normal axial repeats [29] . Tailless human lamin C formed 15-30 nm filaments instead of paracrystals. Taken together, these and other data [24, 25, 30] [31] . The Igfold motif in the lamin tail domain was sufficient to inhibit lamin polymerization and nuclear assembly in vitro [31] .
Laminopathic mutations affect lamin filament assembly
There are an unprecedented number of disease-causing heritable mutations in the human LMNA gene (see below) [32] . Many of the mutated residues are evolutionarily conserved in Ce-lamin. A recent study has analysed the effects of 14 different disease-causing missense mutations on the assembly of Ce-lamin into 10-nm filaments or paracrystalline fibres [22] . Six 
Lamin assembly in vivo
In most somatic cells the nuclear lamina appears as a thin layer between the nuclear membrane and the peripheral chromatin. In other cases, including old rat liver cells, it appears as a thick dense layer [33] . In all cases distinct filamentous structures were not visible. In CHO cells there was a complex network of 10-500-nm-wide fibres that were thicker when attached to the underlying chromatin and in the area of nuclear pore complexes (NPC) [33] .
The only cell type in which distinct 10-nm lamin filaments were detected in vivo is the amphibian germinal vesicle containing lamin LB3 [34, 35] . The ability to detect 10-nm-wide 
Lamin-binding proteins
The many roles of lamins are mediated by interactions with numerous lamin-binding proteins both at the nuclear periphery and in the nucleoplasm (Fig. 3) . There is increasingly growing number of mammalian inner nuclear membrane (INM) proteins [36] [37] [38] [39] .
Lamins, chromatin and epigenesis
In most cells the peripheral chromatin, which includes a large fraction of the heterochromatin, is associated with the nuclear lamina [33, 40] . Electron microscopic tomography analysis showed that lamin B associates with the underlying chromatin in CHO cells [41] . In Drosophila cells the centromeres, telomeres and intercalary heterochromatin are almost always associated with the nuclear lamina [42] . [45] . In vitro, lamins bind matrix attachment/ scaffold associated regions [46] , single-stranded DNA [47] and centromeric and telomeric sequences [48, 49] . The binding of the Drosophila lamin Dm0 to DNA is mediated through the rod domain and requires its polymerization [50] [57] and Xenopus lamin B2 [54] . This region binds chromatin in vitro via the histone H2A/H2B dimer [53] . [61] [62] [63] [64] . Mutations in the lamin A processing enzyme ZMPSTE24/FACE-1 cause similar changes in chromatin organization [65] . [66, 67] . In addition, the facultative heterochromatin marker tri-methyl lysine 27 on core histone H3 (H3K27me3) is reduced and is lost from the inactive X chromosome, whereas there is an increase in the amounts of the constitutive heterochromatin marker tri-methyl lysine 20 on core histone H4 (H4K20me3) and up-regulation of the pericentric satellite 3 repeat [68] . These changes in chromatin organization can be reversed either following the removal of the toxic progerin isoform by morpholino anti-sense oligonucleotides [66] [69] and emerin is found in protein complexes with several HDACs [70] . [72] .
Lamins affect chromatin organization and epigenesis Genetic analysis in C. elegans, Drosophila, mice and human cells expressing mutant lamins A and C revealed that lamins are required for normal chromatin organization. Loss of or mutations in lamins cause dissociation of heterochromatin from the nuclear periphery and its redistribution
The redistribution of heterochromatin is accompanied with major changes in histone modifications. The best-studied model system is human fibroblasts expressing the progerin/LA⌬50 mutant isoform of lamin A (see lamin diseases section). In these cells the heterochromatin protein HP1␣ is reduced at least two fold and the heterochromatin marker tri-methyl lysine 9 on core histone H3 (H3K9me3) is reduced or completely lost
Lamins are involved in many nuclear functions
In C. elegans down-regulation of the single lamin protein caused continuous rapid changes in nuclear shape [73] . Changes in nuclear shape that include membrane invagination and formation of nuclear blebs were also observed in Drosophila adult cells devoid of lamin Dm0 [74] , in mouse cells lacking lamins A and C [75, 76] 77, 78] .
and in human cells carrying disease-causing mutations in lamin A [reviewed in
Lamins probably provide the main mechanical support of the nucleus and changes in nuclear lamina composition have major effects on the mechanical response of both the nucleus and the cytoplasm. In vitro assembly of nuclei in Xenopus oocyte extracts depleted of most lamins resulted in fragile nuclei [79] , and overexpression of lamin A in the Xenopus germinal vesicle resulted in increased rigidity of the nuclei [35] . Studies in mouse embryonic fibroblasts (MEFs) lacking lamins A and C showed defective shape and decreased stiffness of nuclei [76, 80, 81] . MEFs lacking lamin A and expressing lamin C had only slight alterations in nuclear shape and stiffness, suggesting that lamin C can complement for lamin A role in the mechanical support of the nucleus. In contrast, while MEFs lacking lamin B1 showed alteration in nuclear shape, there was no change in nuclear stiffness [82] . The latter results suggest either an overlapping role of lamin B2 or that nuclear stiffness is determined solely by A-type lamins. Dramatic changes in nuclear shape were observed in cells overexpressing B-type lamins, which were attributed to membrane proliferation caused by the presence of the farnesyl group at the carboxy terminus [83, 84] .
Cells lacking emerin or LEM2 occasionally showed changes in nuclear shape. These emerin-null cells retain their normal nuclear mechanics, whereas the mechanical properties of the LEM2 cells were not examined [85, 86] . In C. elegans, down-regulation of either Ce-emerin or LEM-2 apparently does not affect nuclear morphology. However, down-regulation of both proteins caused nuclear lobulation and membrane invagination [87] . Similar changes in nuclear shape were observed following down-regulation of BAF-1 [88] [5, 6] . However, FTIs had no effect of the cellular sensitivity to mechanical strain demonstrating that lamin-related effects of nuclear stiffness and mechano-sensitivity can be separated [89] . [90] , and in late S phase lamin B1 co-localizes with PCNA at sites of DNA synthesis [91] . [92] . (iii) Immuno-depletion of the soluble lamin LB3 from Xenopus nuclear assembly extracts results in nuclei that are not able to replicate the assembled DNA [79, 93] . Adding LB3 back to the depleted extracts restore the ability of these nuclei to replicate their DNA [94] . [26, 27] . The resulting lamin aggregate contains PCNA and replication factor complex (RFC), which are required for the elongation phase of DNA replication, and did not contain XORC-2, XMCM-3 or DNA polymerase ␣, which are required for the initiation phase of DNA replication [27] . (E) A recent study demonstrated a potential direct role for lamins in DNA replication [95] 
Lamins and DNA replication There are several lines of evidence that lamins are required for DNA replication. (i) In early S phase lamin A co-localizes with sites of DNA replication
(ii) MEFs that are null for lamins A and C replicate their DNA at a slower rate compared to MEFs derived from wild-type mice. Expression of lamin A in the mutant cells restore the normal rate of DNA replication
(iv) Expression of human lamin A or Xenopus lamin LB3 lacking their N-terminal (head) causes lamin aggregation and inhibition of the chain elongation phase of DNA replication
Lamins in transcription and splicing
In Drosophila interphase and polytene nuclei, regions of condensed chromatin with low levels of transcription are associated with the nuclear lamina [42] . In female mammalian cells the inactive X chromosome is closely associated with the nuclear lamina.
In addition, gene-poor chromosomes are peripherally located, whereas gene-rich chromosomes are more centrally located [96, 97] [103] .
Lamins also regulate specific transcription factors either by direct or indirect interaction through their binding partners. Lamins bind BAF both directly and through LEM domain proteins [60] . The lamin-LEM domain proteins-BAF complexes are required for nuclear assembly and chromatin organization [88] . However, recent studies suggest that BAF also functions as transcriptional repressor, where it binds specific promoters [104, 105] . The rod domain of human lamins A and C also binds directly to the transcription factor MOK-2 [106] , and MOK-2 localization depends on lamins A and C [107] . Human lamin A also binds the SREBP-1 in vitro and this interaction is reduced when lamin A has a mutation in the Ig fold that causes familiar partial lipodystrophy [108] . The POU-domain protein OCT-1 is associated with the nuclear lamina and represses the collagenase gene. Interestingly, in aging cells OCT-1 dissociates from the nuclear lamina allowing the activation of the collagenase gene [109] . Another transcription factor that is confined to the nuclear lamina is insulin promoter factor-1 (IPF-1)/ pancreatic and duodenal homeobox-1 (PDX-1) [110] . At [112, 113] [92, 115, 116] . Because lack of A-type lamins or the expression of disease-causing mutant lamin A affect the cell cycle, as well as differentiation of myocytes and adipocytes [117] [118] [119] , it has been proposed that lamins A and C-LAP-2␣ complexes also control the balance between proliferation and differentiation of adult stem cells in tissue homeostasis and regeneration (see below) [120, 121] . Interestingly, while mouse fibroblasts derived from Lmnanull or LAP-2␣-null cells showed accelerated proliferation, human dermal fibroblasts down-regulation of either lamins A and C or LAP-2␣ showed G1 cell cycle arrest [122] . Further studies are required to understand these differences. 124, 125] .
. Coil 2 in the rod domain of A-type lamins binds pocket C domain in the hypophosphorylated (repressive) form of pRb in vitro. Overexpression of lamin A mutants in cultured cells form aggregates that contain pRb, suggesting interaction between lamin protein complexes and pRb in vivo [114]. This interaction with A-type lamins stabilizes pRb, because in Lmnanull mouse cells and in liver cells of Zmpste24-null mice, pRb is rapidly degraded by the proteosomes, in a process that does not require the pRb degradation pathway of gankyrin and MDM2
Lamins also interact indirectly through lamin-associated proteins with many other transcription regulators. Some of the more studied interactions include lamin Dm0 and YA in Drosophila, which is required for the transition between meiosis and mitosis [reviewed in 15]. LAP-2␤ interacts with the transcription repressor germ cell-less [123] and HDAC-3 [69]. MAN-1 interacts with the receptor regulated SMADs (R-SMADs) in the transforming growth factor-␤ (TGF-␤)/BMP pathway through the rSMAD RNA recognition motif, which inhibits rSMAD phosphorylation [reviewed in
The roles of lamins in RNA splicing are in debate. Using a specific lamin A antibody that preferentially binds lamin speckles, it has been shown in human and rat cells that both lamin A and lamin B colocalize with the splicing factors SC35 and U5-116 kD [126] . The size of the lamin-splicing factor speckles depended on the level of transcriptional activity and their formation occurred at anaphase [102] . In contrast, MEFs lacking lamins A and C have normal cellular distribution and morphology of splicing factor complexes and they retain their association with the nuclear matrix. In addition, the exchange rate of splicing factors between speckles and nucleoplasm remained unchanged, suggesting that the formation and maintenance of intra-nuclear splicing factor compartments is independent of lamins A and C [127] . Because lamins are thought to be a major constituent of the yet mysterious nuclear matrix, the potential roles of B-type lamins in formation and association of splicing factor complexes remain to be addressed.
Lamins and aging
In adult C. elegans the somatic cells stop dividing and the nuclear architecture in most non-neuronal cell types undergo progressive and stochastic age-dependent alterations [128] . (Fig. 2) , leaving the mutant protein permanently carboxy farnesylated and methylated. Progerin/LA⌬50 tends to accumulate in the nuclear periphery at later cell passages [130] . On the cellular level, the HGPS cells develop abnormal chromatin organization, a delay in nuclear assembly, binucleated cells and defects in chromosome segregation [130, 131] . Down regulating progerin with specific morpholino oligonucleotides reverses these cellular phenotypes [66] .
Human beings with mutations in the ZMPSTE24 gene, as well as Zmpste24-null mice, develop early aging diseases, suggesting that the carboxy farnesylated and methylated prelamin A plays a major role in the pathogenesis of these diseases [132] [133] [134] [75, 135, 143] . The mouse containing the autosomal recessive mutation N195K is used as a model animal for cardiomyopathy [144] [147] [148] [149] [151] .
and mouse with the autosomal recessive mutation H222P is used as a model animal for both EDMD and cardiomyopathy. Several mice models were developed to study HGPS [145]. Homozygous deletion of exon 9 in Lmna causes early aging symptoms that resemble HGPS symptoms [146], and replacement of the two normal copies of Lmna with copies of the progerin isoform caused retarded post-natal growth, whereas the heterozygous mutation cause death at 6 months with osteoporosis and hair loss
Mouse models were also generated for lamin-associated proteins. Loss of the emr-1 gene resulted in apparently normal mice with minimal motor and cardiac dysfunctions that probably result from retarded muscle regeneration [152, 153] . Mutations in the mouse LBR gene result in ichthyosis [154] . The LBR-null mouse show changes in the granulocyte nuclear shape similar to changes in human granulocytes Pelger-Huet anomaly [154, 155] . A gene trapping in the MAN-1 gene causes early embryonic lethality by day 10.5 [156] . [16, 73] . Mutations in conserved residues of the rod and tail domains known to cause various laminopathies in human were introduced into Ce-lamin and their effects at cellular level in vivo and on lamin filament assembly in vitro were studied (see above) [22] . Transgenic animals expressing laminopathic mutations showed abnormal lamin distribution, abnormal nuclear shape or change in lamin mobility in some or all cells of the animal, similar to the phenotypes of laminopathic mutations in human cells [22] [158] . [76, 80] [89, 160] . However, in contrast to the mice cells lacking lamins A and C, HGPS cells show similar resistance to acute mechanical stress [160] . Treating these cells with FTIs restored nuclear stiffness and accelerated the wound healing, but did not restore cellular sensitivity to mechanical strain [89] .
Abnormal TGF-␤ signalling pathway probably causes defective vascularization of the yolk sac, which is probably the cause of death. Many other mouse models for the human laminopathic disease are currently being developed around the world and should be useful for understanding the mechanisms and for developing drugs to treat these diseases. The simple, yet evolutionarily conserved, composition of the nuclear lamina in C. elegans makes this organism an attractive model for studying the basic functions of nuclear lamina genes, as well as understanding the mechanisms behind the laminopathic diseases. C. elegans has a single lamin gene that behaves both as B-and A-type lamin
. Down-regulation or deletion mutations in emerin and LEM-2/MAN-1 homologues in C. elegans revealed overlapping functions for these LEM-domain proteins. Further analyses of these mutants revealed age-dependent muscle deterioration, similar to the EDMD disease in human (R.B. and Y.G., unpublished observations). Drosophila is the only known invertebrate with separate genes encoding both A-and B-type lamins. Expression of lamin C constructs containing evolutionary conserved disease-causing mutations, led to phenotypes that resemble laminopathies [157]. Flies containing a P-element insertion in the Drosophila B-type lamin showed many different phenotypes including an impaired locomotion [74]. Induced expression of the Drosophila B-type lamin caused aberrant nuclear shapes and reduced the lifespan of adult flies, which correlates with an early decline of locomotion activity
Molecular models for laminopathies It is still an enigma why mutations in LMNA cause many diverse diseases. Four different, not mutually exclusive, models attempt to explain the mechanisms leading to these diseases. The first model suggests that changes in nuclear mechanics and mechano-transduction response contribute to the laminopathic diseases. Lamins A and C were shown to be important for the mechanical properties of the nucleus. For example mouse cells lacking lamins A and C have increased nuclear deformation, their viability under mechanical strain is reduced and their mechanical stress-dependent gene expression is impaired
. In addition, lack of lamins A and C affects the interactions between the nucleus and the cytoskeleton networks [159]. In many laminopathic diseases cells have increased nuclear deformation. In HGPS cells the nuclear lamina has a significantly reduced ability to rearrange following mechanical stress and nuclei become progressively stiffer with increasing passage number
The second model proposes that lamins A and C are involved in regulating cell type-specific gene expression [161] [164] . Systemic treatment of H222P mice with an ERK inhibitor delayed cardiomyopathy and the mutant mice were indistinguishable from wild-type mice [165] .
The third model also suggests that lamins A and C are involved in regulating cell type-specific gene expression affecting adult stem cells differentiation [166] . Evidence for this model appears below in the 'Lamins and stem cells' section. [167] . This could provide one explanation for the diffuse and dispersed nuclear lamina structure observed in undifferentiated ESCs as compared to partially differentiated cells, which express lamins A and C [168] . Although 
The last model suggests that mutations in ZMPSTE24 or in LMNA cause permanent farnesylation of lamin A that is toxic to cells (see above). The toxic lamin A causes changes in nuclear morphology, chromatin organization and gene expression. In support of this model, treating HGPS fibroblast cells or mouse models for the HGPS disease ameliorate the phenotypes (see above).
Lamins and stem cells
Unlike B-type lamins which are ubiquitously expressed in all mammalian cells and tissues throughout development, lack of lamins A and C expression is one of the defining factors of undifferentiated embryonic stem cells (ESCs) of both mouse and human origin
The Notch pathway
Notch is a highly conserved and ubiquitous cell-signalling pathway operating through four different transmembrane Notch receptors (Notch1-4). Ligand binding to the extracellular domain of Notch induces proteolytic cleavage of Notch and release of Notch intracellular domain (NICD) to exert changes in gene expression in the nucleus of Notch target genes. Conspicuous activation of the
Other pathways
The TGF-␤/Smad pathway is another important regulator of mesenchymal tissue homeostasis [177] . [118] . Similarly, two further studies have implicated a deregulated Rb/MyoD pathway as a cause of decreased differentiation potential in A-type lamin or emerin null regenerating muscle using mRNA expression profiling [152, 180] .
Although the connection between lamin A and stem cells is only beginning to emerge, the examples discussed above strongly implicate lamin A and prelamin A in regulating stem cell maintenance and differentiation by influencing key signalling pathways in stem cells. 
Lamins and cancer
Lamins as biomarkers for cancer
The expression of lamins in haematological malignancies has been recently reviewed [181] . Here we review the current knowledge on lamins expression patterns in non-haematological malignancies (Tables 1-4 [182] . [183, 184] [184] (Table 1 ). An additional study evaluating only three tissue samples has found reduced expression of lamins A, C and B1 in the non-SCLC tissue samples [185] . (17 of 17) of primary colon adenocarcinomas, and in 7 of 8 primary gastric adenocarcinoma specimens [185] . Lamin B1 expression was reduced in all the 17 colonic specimens and in 6 of 8 of the gastric specimens. Aberrant cytoplasmic expression of lamins A and C occurred, occasionally, in both colonic and gastric specimens (12% and 38%, respectively). Aberrant lamin B1 expression occurred occasionally in the colonic specimens (18%) [185] . In contrast, a recent large-scale study in colorectal cancer patients showed conflicting results where lamins A and C expression was found in 463 out of 656 evaluated patients (70%). Interestingly, the expression of lamins A and C in the tumours correlated significantly with colorectal cancer related deaths [186] (Table 2) . Expression of lamins A and C and B1 has been found to be reduced in most pre-malignant samples examined, such as gastric dysplasia and colonic adenoma [185] .
Lung cancer Lamins expression has been evaluated in three major sub-types of human lung cancer: small cell lung cancer (SCLC), non-small cell (non-SCLC) squamous and adenocarcinoma (Table 1). In SCLC cell lines lamins A and C levels diminished by Ն80%, whereas in non-SCLC cell lines lamins A and C were readily detected. The levels of B-type lamins were roughly equal in both cell lines
Gastrointestinal cancer Studies in gastrointestinal neoplasms have found reduced or no expression of lamins A and C in all specimens
In a small cohort of patients with oesophageal squamous and adenocarcinoma there was reduced expression of both lamins A and C and B1 [185] (Table 2) [185, 188] (Table 2 ).
Skin cancer
Reduced or null expression of lamins A and C in basal cell carcinomas (BCC) was correlated with a rapid growth rate within the tumour, whereas absence of lamin C only was correlated with a slow growth rate within the tumour [189, 190] . In contrast, another study has found the presence of significant amounts of lamins A and C in proliferating BCC cells [191] . Methodological differences between the two studies may account for these diverse results. Lamins B1 and B2 were expressed in almost all BCCs specimens in all three studies [189] (Table 3) .
In SCC the expression of lamins A and C was greatly reduced in some specimens of poorly and moderately differentiated SCCs [190] . In another study, lamins A and C were detected in all SCC specimens evaluated, though the stages of differentiation were not specified [191] . Lamins B1 and B2 were expressed at high or medium levels in poorly and moderately differentiated SCC and were reduced in well-differentiated SCCs [190] (Table 3) .
Genitourinary cancer
Evaluation of lamins expression in testicular germ cell tumours is currently based on a single large scale study [192] . The cancers evaluated were seminomas and non-seminoma tumours including embryonal carcinoma (EC), teratoma (TE), yolk sac (YS) and choriocarcinoma (CH) . In testicular germ cell tumours, expression of lamins A and C was found to be dependent on the degree of differentiation, whereas B-type lamins were always expressed. Carcinomas in situ were most often negative for lamins A and C. Differentiated non-seminomas were positive for lamins A and C, whereas EC were positive for lamin C and negative for lamin A. Seminomas were found to be negative for lamins A and C [192] (Table 4) .
Evaluation of lamins expression in prostate cancer was addressed by two studies. The first study used immunohistochemistry techniques and found reduced expression of lamins A, C and B1 in three out of four patients with prostatic cancer [185] . The other study used immunoblot assays and reported 37 prostatic cancer patients with a significant increase in lamin B1 and no significant change in lamins A and C [193] . The increase in lamin B was strongly correlated with the Gleason prognostic score (Table 4) .
Gynaecological cancers
In cervical and uterine cancers lamins A and C expression was not detected. Lamin B1 expression was reduced in two out of three cervical and uterine cancer specimens [185] (Table 4) [194] (Table 4) .
Breast cancer
Several groups evaluated lamins expression in breast cancer. An immunohistochemistry assay found reduced expression of lamins A, C and B1 in breast cancer specimens of three patients [185] , while a microarray assay detected increased expression of lamins A and C in patients with breast cancer [194] . Recently, an interesting study has used immunostaining of lamin B and emerin to identify irregular folding and deep invaginations in the nuclear envelope in breast cancer tissue. An increase in the degree of folding and invagination was well correlated with an increased grade of the breast cancer [195] . [196] .
Thyroid carcinoma
The (Fig. 5) [197] . [198] . Lamins associated changes in pRb-dependent heterochromatin organization contribute to the permanent silencing of genes that promote proliferation, and might therefore be important for limiting the development of malignant tumours [182] [186, 199] [200] can be explained on the basis of a rearranged p53 gene, as has been found in osteosarcoma cells [201] . Mutations in SMAD4 occur in 50% of human pancreatic cancers. SMADS are also involved in many other types of cancer and in the metastatic and angiogenetic processes [202] [203] [204] [205] . The repression of TCF-mediated transcription by APC is thought to be a main event in preventing tumorigenesis. Aberrant Wnt/␤-catenin signalling has been found in various epithelial and haematological tumours [206] . Recently the INM lamin-binding protein, emerin, emerged as an additional negative regulator of the Wnt pathway [207] . The binding of emerin to ␤-catenin via an APC-like domain inhibits ␤-catenin activity by preventing its accumulation in the nucleus.
Lamins and cancer regulating pathways
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Absence of emerin increases ␤-catenin accumulation in the nucleus followed by an up-regulation of its target genes. Emerin is anchored in the nucleus through interactions with lamins A and C.
In cells lacking lamins A and C, overexpression of emerin does not inhibit ␤-catenin, indicating that this interaction is required for inhibiting ␤-catenin activity [207] . [210] . (3) Expression of progerin/LA⌬50 leads to mitotic defects comprising delays in cytokinesis and nuclear reassembly, abnormal chromosome segregation, and binucleation [130, 131] . The presence of lamins at the centrosome during mitosis is likely to be involved in these defects [211] .
Lamins and cancer related aneuploidy
Lamin and viruses
The viral cycle in the host cell includes adsorption, penetration, uncoating, viral genome replication, maturation and release of [215] . [216] . The viral pUL50 and pUL53 proteins are required for nuclear exit. At late stages of infection both lamins A and C and lamin B show an irregular distribution at the nuclear rim, coincident with areas of pUL53 accumulation. The virions nuclear lamina localization requires co-expression of pUL53 and pUL50, which are sufficient for nuclear rim localization and lamins disorganization [216] . Another member of the herpesviridae family that its replication affects lamin A is varicella-zoster virus. During varicella-zoster virus infection the amount of lamin A mRNA decreases but the cellular content of the protein appears to remain stable at 48 hrs after infection [217] .
The human cytomegalovirus (HCMV) is a member of the herpesviridae family. Infection of human lung fibroblasts with HCMV induces mislocalization of nuclear lamins allowing virions exit from the nucleus
Most retroviruses enter the nucleus only after the nuclear envelope breakdown. The retrovirus HIV-1 does not require mitosis to enter the nucleus. After more than a decade of intense research, there is still no consensus on the regulation of the entry of HIV-1 pre-integration complex into the nucleus through the NPC [218] . The exit of HIV-1 components from the nucleus to the cytoplasm involves both nuclear export signals that allow proteins to exit through the NPC and disruption of the nuclear lamina [219] . Expression of the Vpr protein suspends the cell cycle of human cells near the G2 cell-cycle checkpoint and induces local herniations at the nuclear periphery. These herniations are the result of defects in the nuclear lamina and probably contribute to the observed cell-cycle arrest. Rupture of these herniations causes mixing of nuclear and cytoplasmic components [219] .
BAF [220] .
